Chapter 1

A General Review of the Current
Knowledge of Stem Cell Therapy
for Lung Disorders

Daniel J. Weiss

An increasing number of studies suggest that cell therapy approaches
may be powerful tools for repair of injured or diseased lungs as well as
for understanding mechanisms involved in both lung development and
lung repair. This rapidly progressing field encompasses a number of
disciplines and conceptual approaches including the study of endoge-
nous stem and progenitor cells resident in the lung, and investigations
utilizing exogenously administered cells for the repair of injured
lung. Moreover, the field has undergone several conceptual shifts over
recent years. For example, the initial focus on engraftment of exoge-
nously administered cells as airway or alveolar epithelium has been
shifted to the current emphases on immunomodulation of inflammatory
and immune pathways in the lung by stem cells, and on bioengineering
approaches to grow functional lung tissue ex vivo for subsequent use in
in vivo implantation for destructive lung diseases, such as emphysema.
Furthermore, it has become apparent that the variety of candidate stem
and progenitor cell types can have different actions in the lung. Each
of these areas is the focus of a comprehensive chapter in this book.
The goal of this introductory chapter is to provide an overview of the
field to date.

Keywords: Lung; stem cell; cell therapy; mesenchymal stem cell;
endothelial progenitor cell; fibrocyte.
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1. Introduction and Terminology

Prior to embarking on a review of the field, it is essential to establish the
terminology to be utilized. This is all the more important as there is no
uniform agreement on a number of definitions utilized in the published
literature, and the lack of consistency in terminology between different
publications has confounded comparisons between findings of different
investigations. The issue of terminology affects both general basic defini-
tions of “stem” and “progenitor” cells as well as more lung-focused
definitions such as “bronchiolar stem cell” and “bronchioalveolar stem
cell”. Furthermore, precise definitions and characterisations of specific
bone marrow-derived cell populations, notably mesenchymal stem cells
and endothelial progenitor cells, are not agreed upon.'

This issue has been addressed in several forums, most recently at
the conference, “Stem Cells and Cell Therapies in Lung Biology and
Diseases”, held in 2007 at the University of Vermont. A glossary of rele-
vant working definitions applicable to the lung was developed at that
conference and is depicted in Table 1." This glossary does not necessarily
reflect an overall consensus for the definition of each term and will
undergo continuing revision as overall understanding of the cell types and
mechanisms involved in lung repair continue to be elucidated.
Nonetheless, it is a useful framework.
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Table 1:

Current Knowledge of Stem Cell Therapy 3

Glossary and definitions of terminology.

Potency
Totipotent

Pluripotent
Multipotent
Unipotent

Reprogramming

Transdifferentiation

Plasticity

Embryonic Stem Cell

Adult Stem Cell

Adult Tissue-Specific
Stem Cell

Sum of developmental options available to cell.

Ability to (re)generate an organism in total. In mammals only
the zygote and the first cleavage blastomeres are totipotent.

Ability to form all lineages of body. Example: embryonic
stem cells.

Ability of adult stem cells to form multiple cell types of one
lineage. Example: haematopoietic stem cells.

Cells form one cell type. Example: spermatogonial stem cells
(can only generate sperm).

Change in epigenetics that can lead to an increase in potency,
dedifferentiation. Can be induced by nuclear transfer,
cell fusion, genetic manipulation.

The capacity of a differentiated somatic cell to acquire the
phenotype of a differentiated cell of the same or different
lineage. An example is epithelial-mesenchymal transition
(EMT), a process whereby fully differentiated epithelial
cells undergo transition to a mesenchymal phenotype
giving rise to fibroblasts and myofibroblasts.

Hypothesis that somatic stem cells have broadened potency
and can generate cells of other lineages, a concept that is
controversial in mammals.

Cells isolated from the inner mass of early developing
blastocysts. ES cells have the capacity for self-renewal and
are pluripotent, having the ability to differentiate into cells
of all embryologic lineages and all adult cell types.
However, ES cells cannot form extraembryonic tissue
such as trophectoderm.

Cells isolated from adult tissues including bone marrow,
adipose tissue, nervous tissue, skin, umbilical cord blood,
and placenta that have the capacity for self-renewal.
In general, adult stem cells are multipotent, having the
capacity to differentiate into mature cell types of the parent
tissue. Some populations of adult stem cells, such as
MSCs, exhibit a range of lineage differentiation that is not
limited to a single tissue type. Whether adult stem cells
exhibit plasticity and can differentiate into a wider variety
of differentiated cells and tissues remains controversial.

Same as adult stem cells but with defined tissue specificity.
A relatively undifferentiated cell within a given tissue
that has the capacity for self-renewal through stable
maintenance within a stem cell niche. Adult tissue-specific
(endogenous) stem cells have a differentiation potential

(Continued)
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Table 1: (Continued)

equivalent to the cellular diversity of the tissue in which
they reside. The haematopoietic stem cell is a prototypical
adult tissue stem cell.

Induced Pluripotent Reprogrammed adult somatic cells that have undergone

Stem Cell

dedifferentiation, such as dermal fibroblasts, reprogrammed
by retroviral transduction to express four transcription
factors: Oct 3/4, Sox2, c-Myc, and Klf4. iPS cells are
similar to ES cells in morphology, proliferation, gene
expression, and ability to form teratomas. In vivo
implantation of iPS cells results in formation of tissues
from all three embryonic germ layers. iPS cells have been
generated from both mouse and human cells.

Progenitor Cell A collective term used to describe any proliferative cell that

has the capacity to differentiate into different cell lineages
within a given tissue. Unlike stem cells, progenitor cells
have limited or no self-renewal capacity. The term
progenitor cell is commonly used to indicate a cell can
expand rapidly, but undergoes senescence after multiple
cell doublings. Terminology that takes into account the
functional distinctions among progenitor cells is
suggested below.

Transit-Amplifying The progeny of endogenous tissue stem cells that retain

Cell

relatively undifferentiated character, although more
differentiated than the parent stem cell, and have a finite
capacity for proliferation. The sole function of
transit-amplifying cells is generation of a sufficient number
of specialised progeny for tissue maintenance.

Obligate Progenitor A cell that loses its ability to proliferate once it commits to a

Cell

differentiation pathway. Intestinal transit-amplifying cells
are obligate progenitor cells.

Facultative Progenitor A cell that exhibits differentiated features when in the

Cell quiescent state yet has the capacity to proliferate for
normal tissue maintenance and in response to injury.

Bronchiolar Clara cells are an example of this cell type.
Classical Stem Cell A stem cell hierarchy in which the adult tissue stem cell
Hierarchy actively participates in normal tissue maintenance and

gives rise to a transit-amplifying cell. Within this type of
hierarchy, renewal potential resides in cells at the top of the
hierarchy, i.e. the stem and transit-amplifying cell, and
cells at each successive stage of proliferation become
progressively more differentiated.
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Table 1: (Continued)

Non-Classical Stem
Cell Hierarchy

Rapidly Renewing
Tissue

Slowly Renewing
Tissue

Haematopoietic
Stem Cell

Endothelial Progenitor

Cell

Mesenchymal Stromal

(Stem) Cell

A stem cell hierarchy in which the adult tissue stem cell does
not typically participate in normal tissue maintenance
but can be activated to participate in repair following
progenitor cell depletion.

Tissue in which homeostasis is dependent on maintenance of
an active mitotic compartment. Rapid turnover of
differentiated cell types requires continuous proliferation
of stem and/or transit-amplifying cells. A prototypical
rapidly renewing tissue is the intestinal epithelium.

Tissues in which the steady state mitotic index is low.
Specialised cell types are broadly distributed, long-lived,
and a subset of these cells, the facultative progenitor cell,
retains the ability to enter the cell cycle. The relative
stability of the differentiated cell pool is paralleled by
infrequent proliferation of stem and/or transit amplifying
cells. The lung is an example of a slowly renewing tissue.

Cell that has the capacity for self-renewal and ability to
differentiate into mature leukocytes, erythrocytes, and
platelets. Whether HSCs exhibit plasticity and can
differentiate into mature cells of other lineages remains
controversial.

Circulating cells that have the potential to proliferate and
differentiate into mature endothelial cells. Studies of EPCs
have been complicated by the use of the same terminology
to define at least two different cell populations that have
different cell surface markers, different cell sources, and
different abilities to differentiate into mature endothelial
cells in vitro and in vivo. There is a critical need to develop
a consensus definition of EPCs with particular emphasis on
the functional capabilities of these cells.

Cells of stromal origin that can self-renew and have the
ability to differentiate into a variety of cell lineages.
Initially described in a population of bone marrow stromal
cells, they were first described as fibroblastic colony
forming units, subsequently as marrow stromal cells, then
as mesenchymal stem cells, and most recently as
multipotent mesenchymal stromal cells or MSCs. MSCs
have now been isolated from a wide variety of tissues
including umbilical cord blood, Wharton’s jelly, placenta,
adipose tissue, and lung. The Mesenchymal and Tissue
Stem Cell Committee of the International Society for

(Continued)
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Table 1: (Continued)

Cellular Therapy (ISCT) has recently updated the minimum
criteria for defining (human) MSCs. MSCs have
been described to differentiate into a variety of mature
cells types and may also have immunomodulatory
properties.

Fibrocyte A cell in the subset of circulating leukocytes that produce
collagen and home to sites of inflammation. The identity
and phenotypic characterisation of circulating fibrocytes is
more firmly established than that for EPCs. These cells
express the cell surface markers CD34, CD45, CDI13,
MHC II and also express type 1 collagen and fibronectin.

Bronchiolar Stem Cell A term applied to a rare population of toxin (i.e.
naphthalene)-resistant CCSP-expressing cells that localise
to neuroepithelial bodies and the bronchoalveolar duct
junction of the rodent lung. These cells proliferate
infrequently in the steady-state but increase their
proliferative rate following depletion of transit-amplifying
(Clara) cells. Lineage tracing studies indicate that these
cells have the differentiation potential to replenish
specialised cell types of the bronchiolar epithelium.
Human correlates have not yet been identified.

Bronchioalveolar A term applied to a small population of cells located at the

Stem Cell bronchoalveolar duct junction in mice, identified in vivo
by dual labelling with CCSP and SPC and by resistance to
destruction with toxins (i.e. naphthalene). In culture, some
of the dual labelled cells also express Scal and CD34,
self-renew, and give rise to progeny that express either
CCSP, pro-SPC, or aquaporin 5 leading to speculation that
a single cell type has the capacity to differentiate into both
bronchiolar (Clara cells) and alveolar (types 1 and 2
pneumocytes) lineages. At present, the relationship of the
cells studied in vitro to those observed by dual labelling
in vivo is unclear. Human correlates have not yet been
identified.

Adapted with permission from Weiss ez al. (2008).!

The following sections will provide overviews of particular focus
including endogenous lung stem and progenitor cells, lung cancer stem
cells, engraftment of exogenous stem cells, immunomodulation of
lung inflammatory and immune pathways by stem cells, bioengineering
approaches to generating new lung ex vivo utilizing stem cells, and
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clinical trials in lung cell therapy. Readers are also referred to a number of
excellent review articles on stem cells and cell therapies for lung diseases
that have appeared over the past several years.!>*

2. Endogenous Lung Stem and Progenitor Cells

Endogenous tissue stem cells are undifferentiated cells that have been
identified in nearly all tissues and are thought to contribute to tissue main-
tenance and repair. These are rare, highly specialized cells that are often
localized to specialized niches within each tissue and usually cycle infre-
quently. These cells exhibit self-renewal capacity — they can produce
more unspecialized cells — and can also give rise to daughter cells known
as progenitor cells or transit amplifying cells. Progenitor cells have a
finite life span and higher rates of proliferation compared to stem cells.
Both stem and progenitor cells may give rise to the more specialized, or
differentiated, cells of the organ. Best understood to date is in intestine
and skin, but there is a rapidly growing appreciation of several putative
stem and progenitor cell populations in mouse lungs.>'*!'"!*3* However,
only limited information is available on analogous cell populations in
human lungs. Further, significant terminology problems exist as to how
endogenous stem cells and other progenitor cell types are defined. This
is a problem that is not restricted to the lung, for example similar termi-
nology issues occur in the intestine, particularly as progenitor cell types in
different organs differ in their properties and regulation. The glossary
depicted in Table 1 does not necessarily reflect an overall consensus for
the definition of each term; nonetheless, it is a useful framework.

The focus in the lung has been predominantly on epithelial progenitor
cells, but increasing evidence suggests potential vascular and mesenchymal
progenitor cell populations as well. Moreover, as the lung is a complex
organ, several airway epithelial stem and progenitor cell hierarchies have
been identified along the tracheobronchial tree in mouse models.>!*-!71834
In general, the evidence for existence of different cellular components of
an airway epithelial stem cell hierarchy comes from studies in mouse
models in which selective ablation of epithelial cells is achieved through
exposure to toxic chemicals or through cell type-specific expression
of toxic genes in transgenic mice*'*'7'%3 (Fig. 1). In trachea and large
airways in mice, a subpopulation of basal epithelial cells that express
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Figure 1: Schematic of endogenous progenitor cells. Adapted with permission from
Rawlins and Hogan (2006)."°
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cytokeratins 5 and 14 have been implicated.’*** Aquaporin-3 has also
been suggested as a marker of human foetal airway progenitor cells.*
In lower airways in mice, Clara cells exhibit characteristics of transit-
amplifying cells following injury to ciliated airway epithelial cells.
However, unlike transit-amplifying cells in tissues with higher rates of
epithelial turnover, such as intestine, Clara cells exhibit a low proliferative
frequency in the steady-state, are broadly distributed throughout the bron-
chiolar epithelium, and contribute to the specialized tissue function.
In more distal airways, toxin (i.e. naphthalene)-resistant variant Clara
cells have been identified as having stem cell functions and have been
termed as bronchiolar stem cells.**** Naphthalene-resistant cells are
also located within discrete microenvironments within bronchioles that
include the neuroepithelial body (NEB) and bronchoalveolar duct
junction (BADJ).*'*

At the bronchioalveolar duct junction in mouse lungs, a population
of naphthalene-resistant cells that stain in vivo both for CCSP and for
pro-SPC have been described.'”'®* Although rare, these cells were
found to proliferate in response to naphthalene injury. Further, when pro-
SPC/CCSP dual positive cells were isolated using methods developed
for enrichment of type 2 alveolar epithelial cells, some of the dual
labelled cells exhibited a unique cell surface phenotype, Scal?®/
CD34PCD45™¢CD31"¢, These isolated cells were found to self-renew in
culture and give rise to progeny expressing CCSP, pro-SPC, or aquaporin 5.
As such, these cells have been termed bronchioalveolar stem cells
(BASCs). However, whether the properties of these cells in vitro also
apply in vivo is unknown. Moreover, the precise identity of the putative
BASCs has come under question and it is possible that toxin-resistant
Clara cells, BASCs, and other cells may represent different interpretations
of the same cell population(s). This highlights the need both for rigorous
methods of lineage tracing as well as further underscoring the importance
of the in vivo microenvironment on cell behaviour. Most recently, another
population of putative progenitor cells expressing CCSP, stem cell antigen
(SCA-1), stage specific embryonic antigen 1 (SSEA-1), and the embry-
onic stem cell marker Oct-4 have been identified in neonatal mice.***
These cells were able to form epithelial colonies and differentiate into
both type 1 and type 2 alveolar epithelial cells. Interestingly, these cells
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were susceptible to infection with the SARS (severe acute respiratory
syndrome) virus, raising the possibility that endogenous lung progenitor
cells may be specific disease targets. The possibility remains that other
endogenous stem or progenitor populations exist in mouse lungs and there
is much room for additional information on comparable populations in
human lungs.

Recent investigations have begun clarifying cell signalling and
other mechanisms regulating putative lung progenitor populations. For
example, tumorigenic insults, including deletion of MAPK, p18 deletion,
and p27 oncogenic mutation, have been shown to induce an expansion of
CCSP/pro-SPC dual-labelled BADJ cells number and also to enhance
tumorigenesis in mouse lungs.***® Most recently, it has been demonstrated
that conditional potentiation of beta-catenin signalling in the embryonic
mouse lung results in amplification of airway stem cells through
attenuated differentiation rather than augmented proliferation.* Gata6,
operating through canonical Wnt signalling pathways, has also been
recently demonstrated to regulate the temporal appearance and number of
bronchioalveolar stem cells (BASCs) in mouse lungs.*® Absence of Gata6
resulted in pronounced increase of canonical Wnt signalling in lung
epithelium, leading to the precocious appearance of BASCs and concur-
rent loss in epithelial differentiation. However, the precise role of these
and other pathways in regulation of endogenous progenitor cells remains
to be determined.

Endogenous progenitor cells may also be attractive candidates for
targeting with gene transfer vectors that provide sustained expression.
Using adult transgenic Rosa26-Flox/LacZ reporter mice, Liu and
colleagues have recently demonstrated that airway-based administration
of Cre-expressing recombinant adeno-associated virus vectors
(rAAV1Cre and rAAV5Cre) appeared to result in preferential transduction
of naphthalene-resistant variant Clara cells.’' These findings support the
possibility of selectively or preferentially transducing stem/progenitor cell
populations in lung. While further investigations need to be done, this
provides a new potential therapeutic approach for diseases affecting
airway and alveolar epithelium.

Less information is available about the differences in endogenous
stem and progenitor cells in different human lung disorders. Airway
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epithelium in cystic fibrosis patients contains primitive cuboidal cells that
express primitive cell markers, including thyroid transcription factor and
cytokeratin 7.2 Neuroepithelial cells in mouse airway epithelium also
express the cystic fibrosis transmembrane conductance regulator (CFTR),
which appears to play a role in neuropeptide secretion.”** CFTR knock-
out mice also contain fewer pulmonary neuroendocrine cells during
embryonic development but increased numbers of these cells postna-
tally.> This suggests that endogenous progenitor cell pathways in
cystic fibrosis lungs may be altered, but this has not been extensively
investigated.

In addition to the role of endogenous lung stem and progenitor cells
in repair of lung injury, increasing information suggests that mature
differentiated lung cells may transdifferentiate and change phenotype.
Best described for epithelial-mesenchymal transition, recent investiga-
tions describe a wider range of reversible phenotypes in epithelial and
mucus cells.”*®" These mechanisms may also play significant roles in
injury or repair from injury. Overall, there remains much to be learned
about endogenous stem and lung progenitor cells, including clarification
of human counterparts to the cells identified in mouse models.

3. Endogenous Lung Progenitor Cells
as Lung Cancer Stem Cells

There is substantial interest in the connections between endogenous stem
or progenitor cells and cancer stem cells. Cancer stem cells have been
defined in transplantation assays as the critical, generally chemo- or radi-
ation therapy resistant, cells from tumours that are capable of propagating
disease and are hypothesized to be the cells that maintain tumour pro-
gression and treatment resistance.®** Although cancer stem cells have
now been described in a variety of solid organ cancers, the existence of a
lung cancer stem cell or cells is less well established." A recent study has
shown that CD133+ cells from cultured lung cancer cells and primary
lung tumours exhibit the ability to propagate lung cancer when injected
subcutaneously in mice.** Oct-4 expression was associated with CD133
expression and these may represent dual markers of lung cancer stem
cells.® Side population CD45- Hoechst-effluxing cells have also recently
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been identified in several human lung cancer cell lines and exhibit tumori-
genic properties when subcutaneously implanted into NOD SCID mice.*
Side population cells have also been identified in lung cancer specimens.®’
However, despite suggestive data from these two reports, further work is
needed to clarify the connections between endogenous lung stem cells, the
cells of origin of cancer, and cancer stem cells, and also to determine their
potential role as therapeutic targets. BASCs have been suggested to have
a role in the development of lung cancer in mice but their role in tumour
maintenance has not been established, nor has the human correlation been
demonstrated.*’ Recent studies have begun elucidating cell signalling and
gene expression pathways including Wnt, hedgehog, and others that may
play roles in the transformation of endogenous progenitor cells into cancer
cells.®* " Nonetheless, there is much room for additional information
about the identity of lung cancer stem cells and their connections with
endogenous lung stem and progenitor cells, particularly in human lungs.

4. Structural Engraftment of Circulating or Exogenously
Administered Stem or Progenitor Cells

A number of publications over the past ten years have suggested that a
variety of adult bone marrow-derived cells including haematopoeitic
stem cells (HSCs), mesenchymal stem cells (MSCs), multipotent adult
progenitor cells (MAPCs), and other populations, could structurally
engraft as mature differentiated airway and alveolar epithelial cells or
as vascular endothelial or interstitial lung cells. This literature has been
predominantly based on studies in mice utilizing techniques that evalu-
ated histologic demonstration of tagged donor-derived marrow cells in
recipient lungs following systemic or more recently intratracheal admin-
istration of tagged donor marrow cells. Tagging techniques have included
use of donor marrow cells from transgenic green fluorescent protein
(GFP) expressing mice, or use of sex-mismatched transplantation ie. male
donor cells into female recipients and subsequent identification of donor
cells utilizing fluorescent in situ hybridisation (FISH) to detect the Y chro-
mosome.' Lethal irradiation and myeloablation of the recipient mouse
bone marrow prior to cell administration was frequently, but not always,
utilized. Notably, prior lung injury, including radiation-induced lung

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



Current Knowledge of Stem Cell Therapy 13

injury resulting from myeloablative total body irradiation, was usually
required to observe engraftment, although lung injury did not always
result in apparent increase of engraftment.”>””> A smaller body of literature
in human bone marrow and lung transplantation also appears to demon-
strate varying degrees of apparent chimerism in lungs of the transplant
recipients.’-%

However, several reports have called into question whether epithelial
engraftment does in fact occur.**® Several technical issues contributed to
misinterpretation of results in the initial reports, including inadequate micro-
scopic techniques in which donor-derived cells superimposed on resident
airway or alveolar epithelial cells were not effectively discriminated.
Exquisite care and sophisticated microscopic approaches, including confocal
and deconvolution techniques, must be utilized to effectively demonstrate
potential engraftment.'*** Further, a variety of leukocytes, notably airway
and alveolar macrophages, reside in the lung. Many of the early reports did
not utilise antibodies directed against CD45 or other leukocyte markers, to
exclude the possibility that cells of donor origin detected in airway or
alveolar epithelium were donor-derived leukocytes rather than epithelial
cells. Other tools, such as detection of GFP by direct fluorescence as a
marker of donor-derived marrow cells, can be subject to error in the presence
of autofluorescent cells resident in the lung, notably alveolar macrophages.®

Nonetheless, recent studies with more rigorous techniques continue to
demonstrate that engraftment of airway and alveolar epithelium, as well
as of pulmonary vascular endothelium and of lung interstitium, with
adult bone marrow or cord blood-derived stem cells, although rare, can
occur®®?7 (Fig. 2). Notably, engraftment of pulmonary vascular endothe-
lium and stimulation of neo-angiogenesis by exogenously administered
endothelial progenitor cells (EPCs) has fostered recent clinical trials for
treatment of pulmonary hypertension (see contribution in this book).”*~'*®
Further, fusion of marrow-derived cells with resident organ cells, rather
than phenotypic conversion of the marrow cells, has been demonstrated in
several organs, notably liver and skeletal muscle, but also in lung.'*'~'*
The extent of fusion in the lung following sex-mismatched transplantation
may be underestimated, as the Y chromosome may be lost from the result-
ing heterokaryon cells resulting from fusion of donor-derived marrow
cells with type 2 alveolar epithelial cells in mouse lungs.'®
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Figure 2: Human b2-microglobulin and cystic fibrosis transmembrane conductance regula-
tor (CFTR)-positive cells can be detected in NOD-SCID mice airways after systemic
administration of cord blood mesenchymal stem cells (CB-MSCs). (A and B) NOD-SCID lung
sections two weeks and one month after CB-MSC administration, respectively. (C and D)
Corresponding higher power images of (A) and (B). Representative photomicrographs from
one of four mice per experimental condition. Original magnification 40x, 200x. Figure
adapted with permission from Sueblinvong et al. (2008).2® © American Thoracic Society.

These reports suggest that engraftment of lung tissues with circu-
lating or donor-derived cells can occur under certain conditions, usually
following previous perturbation through induction of lung injury.
However, there are many variables still to be explored that may increase
epithelial, interstitial, or pulmonary vascular engraftment with circulating
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Current Knowledge of Stem Cell Therapy 15

or donor-derived cells. Interestingly, several recent reports suggest that
chronic or progressive lung injury may result in more substantial engraftment
of type 2 alveolar epithelial cells and of interstitial and pulmonary vascular
cells with donor-derived cells in mouse or rat models.”>*” However, not all
chronic lung injury models resulted in more substantial engraftment.'™ The
effect of age of either donor cells or of recipients is also less well explored,
although one report demonstrated that transplantation of whole marrow into
one day-old mouse pups, using a variety of conditioning regimens, did not
increase the number of bone marrow-derived cells over that observed
following total marrow administration to adult mice.”® Furthermore, the route
of administration of donor-derived cells is less well characterised, as most
studies have investigated engraftment following systemic administration of
donor cells. Direct intratracheal administration of MSCs may enhance
retention of donor-derived cells in the lung and possible epithelial engraft-
ment.”* However, this area is controversial and remains under-explored.'®

The types of marrow-derived, cord blood-derived, or fully differenti-
ated nonpulmonary cells that might engraft as lung epithelium, interstitium,
or pulmonary vasculature remain to be fully explored. In addition to exist-
ing studies of HSCs, MSCs (of bone marrow and cord blood origin), EPCs,
fibrocytes, and MAPCs, the possibility remains that there may be other cell
populations that could be recruited to the lung or localised to the lung fol-
lowing systemic or other routes of administration.'”*!”” A population of
circulating bone marrow-derived CD45+/CXCR4+/cytokeratin+ cells has
been described to participate in re-epitheliasation of denuded tracheal
xenografts.'” Most recently, a population of CCSP-expressing marrow cells
has been suggested to engraft as airway epithelium.'® Other sources of stem
or progenitor cells, such as adipose tissues, also have not yet been exten-
sively characterised for ability to engraft as lung tissue.'®""?

Moreover, there has not been a good demonstration that either mouse
or human embryonic stem cells can engraft as lung epithelium or other
lung cell type following either systemic or intratracheal administration.
Both mouse and human embryonic stem cells can be induced in vitro to
express pro-surfactants B and C and other markers of alveolar epithelial
phenotype.'*"'® Further, exposure of mouse ES cells to dissociated foetal
lung cells induces pseudoglandular formation and surfactant protein C
expression."”""® In one notable study, mouse embryonic stem cells
cultured at air-liquid interface formed a pseudostratified epithelium
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resembling mouse tracheal epithelium."® These studies demonstrate the
capacity of ES cells to acquire lung epithelial phenotype in vitro, yet it is
somewhat surprising that epithelial or other lung cell engraftment has
not yet been demonstrated in vivo. Comparably, recent descriptions of
induction of pluripotency in adult skin fibroblasts and other adult cell
types offers another possibility of generating lung cells from autologous
somatic cells.'?*'> In particular, it might be possible to generate induced
pluripotent (iPS) cell lines from lung patients as models of disease.
Human deltaF 508 embryonic stem cell lines have been established
in England and Belgium.'**'* These cells offer the possibility of investi-
gating disease-specific cell therapy approaches for lung diseases and are
areas ripe for continued investigation.

The ability to structurally engraft in adult lung may not solely be
a property of stem or progenitor cells. Intratracheal administration
of neonatal mouse lung fibroblasts resulted in apparent alveolar and
interstitial engraftment, and engraftment was higher in areas of elastase-
induced lung injury."”® More recently, it has been demonstrated that
intratracheal administration of type 2 alveolar epithelial cells results in
rare engraftment in areas of injured lung following bleomycin adminis-
tration to rats.'”” Notably bleomycin-injured rats that received the type 2
cells had less histologic injury and decreased hydroxyproline content. In
another report, systemically administered skin fibroblasts, transduced
ex vivo to express angiopoietin-1, protected against lung injury produced
by intratracheal endotoxin administration in rats.'*® These results suggest
that lung injuries might be amenable to cell therapy approaches utilizing
a variety of cell types.

The mechanisms by which circulating or systemically administered
stem or progenitor cells might be recruited to lung remain poorly under-
stood. Following systemic (i.e. venous) administration, many cells initially
localise in lung and recent studies continue to confirm that lung injury
results in increased localisation and/or retention of marrow-derived cells
in lung.'® " The timing of cell administration after lung injury can
also influence recruitment and phenotypic conversion. Systemic adminis-
tration of MSCs four hours after lung irradiation resulted in apparent
engraftment of cells as epithelial and vascular endothelial cells."**
However, MSCs administered at later time points appeared to engraft as
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interstitial cells and participate in development of fibrosis.'*!** Recipient
immune responses also play significant yet poorly characterised roles
in retention of cells in lung."*> Commonly utilised approaches of sex-
mismatched transplantation or cell administration may also result in
clearance of cells.'” The range and identity of chemotactic soluble medi-
ators released by injured lung cells, and the role of upregulation of
adhesion molecules with which circulating cells might interact remains
poorly understood.'*"**"3 As with engraftment, a number of factors
including age of donor or recipient, type of cell administered, route of
administration, amongst others might affect recruitment to lung.

Comparably, the mechanisms by which stem or progenitor cells might
be induced to acquire phenotype of lung epithelial, interstitial, or vascular
endothelial cells remain poorly understood. In vitro studies continue to
demonstrate that soluble factors released from lung epithelial cells or
from injured lung homogenates can induce expression of lung epithelial
markers in several types of marrow-derived cells, possibly through
activation of B-catenin signalling pathways. One novel mechanism of
inducing phenotypic change might involve release of membrane-derived
microvesicles, a recently appreciated means of inter-cellular communica-
tion that involves horizontal transfer of mRNA and proteins between
Cells.140‘l41

Overall, at present, engraftment of any type of circulating or endoge-
nously administered stem or progenitor cell as alveolar or airway
epithelium appears to be a rare phenomenon of uncertain physiologic or
therapeutic significance. Engraftment of EPCs as pulmonary vascular
endothelium coupled with EPC-stimulated neo-angiogenesis appears to
be more robust and is the basis of current clinical trials of autologous
EPCs for pulmonary hypertension (see other contributions in this book).
Notably, the use of cell therapy as a gene or drug delivery device offers
further potential promise. For example, transduction of EPCs to express
nitric oxide synthetase is the basis of augmenting the potential therapeu-
tic effect of autologous EPC administration in the current Canadian
trial for pulmonary hypertension. However, engraftment of circulating
cells in lung may not always be beneficial. Circulating fibrocytes
have been implicated in the pathogenesis of lung fibrosis in several mouse

models including irradiation and bleomycin-induced lung injury.'3!6-21.142-148
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Circulating fibrocytes have also been implicated in the sub-epithelial
fibrosis that can develop in severe asthma'*~'>? and in clinical bronchioli-
tis obliterans in lung transplant patients.””> Moreover, bone
marrow-derived or circulating MSCs, HSC, EPCs, and fibrocytes may
contribute to development of lung and other malignancies in mouse mod-
els, in part by providing a supportive stroma for the cancers and/or by
participating in tumour vascularisation.”*'® However, MSCs and EPCs
have been demonstrated to home to areas of tumour development and
engineered EPCs, and MSCs, as well as HSCs, have been utilised to sup-
press tumour growth in mouse tumour models.'®"'"17¢ Cell-based
therapies may thus be useful in lung cancer therapeutics.

5. Imnmunomodulation of Lung Inflammatory
and Immune Pathways

There is an increasing number of studies demonstrating a functional role
of adult marrow-derived stem cells in rodent models of acute lung
inflammation and fibrosis. This occurs in the absence of significant lung
engraftment, has been described in models of acute lung inflammation,
emphysema, asthma, and fibrosis, and has been predominatly observed
with either systemic or intratracheal administration of MSCs. For example,
systemic administration of MSCs immediately after intratracheal
bleomycin administration decreased subsequent lung collagen accumu-
lation, fibrosis, and levels of matrix metalloproteinases.'”” Only minimal
putative engraftment of the MSCs as lung epithelial cells was observed,
and secretion of IL-1 receptor antagonist by the MSCs has been hypothe-
sised to account for at least some of these effects.'”® Intratracheal
administration of MSCs four hours after intratracheal endotoxin adminis-
tration decreased mortality, tissue inflammation, and concentration
of pro-inflammatory mediators, such as TNFo and MIP-1p, in bron-
choalveolar lavage fluid compared to endotoxin-only treated mice.'®
Systemic MSC administration also decreased lung inflammation following
endotoxin administration in mice, and co-culture of MSC with lung cells
obtained from LPS-treated mice resulted in decreased pro-inflammatory
cytokine release from the lung cells.'”*'® More recent data suggests that
release of angiopoietin-1 or of keratinocyte growth factor by the MSCs and
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resulting stabilisation of alveolar-capillary permeability and endothelial
fluid leak in the setting of endotoxin effects on the alveolar capillary bar-
rier may be a relevant mechanism.'”'®" Notably, transduction of the
MSCs to express high levels of angiopoietin-1 further decreased endo-
toxin-mediated lung injury.'® However, systemic administration of skin
fibroblasts transduced to express angiopoietin-1 also decreased acute
endotoxin-induced lung injury, suggesting that a variety of cell types
might be utilised for cell therapy approaches to acute lung injury.'”® In
other lung injury models, intratracheal administration of bone marrow-
derived MSCs decreased pulmonary hypertension and other manifestations
of monocrotaline-induced pulmonary vascular injury.'®* Systemic adminis-
tration of a heterogenous population of autologous adipose-derived stromal
cells decreased manifestations of elastase-induced emphysema in rats.'
Hepatocyte growth factor secreted by the stromal cells was postulated as a
potential mechanism of injury repair in this report.

These results demonstrate that MSCs can have significant
immunomodulatory effects in the lung in the absence of significant
engraftment although the mechanisms by which this occurs are largely
unknown. However, comparisons between studies and attempts to eluci-
date common potential mechanisms are somewhat complicated by using
potentially different cell populations designated as MSCs. The
Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular Therapy (ISCT) has recently updated the minimum
criteria for defining (human) MSCs."® It is hoped that rigorous adherence
to these criteria will help to focus comparative investigations of their
potential utility in lung diseases. Nonetheless, consistencies between cells
is further complicated as MSC characteristics can change with culture
conditions and microenvironment and there is growing evidence that
MSCs are heterogeneous and that different MSC subtypes exist.'*'%
Additionally, MSCs have now been isolated from a wide variety of
tissues including umbilical cord blood, Wharton’s jelly, placenta,
adipose tissue, and most recently from adult mouse lungs and from
lungs of both neonates and lung transplant recipients.®!10-112.188-198
MSCs isolated from each of these sources generally express comparable
cell surface markers and differentiate along recognised lineage path-
ways. However, differences in gene expression, lineage tendencies, and
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Figure 3: Schematic illustrating the range of in vitro immune-modulating effects described
for MSCs. Figure adapted with permission from Nauta and Fibbe (2007).2'® © American
Society of Hematology.

other properties have been described between MSCs isolated from
different sources.'?*%

Despite these issues, growing information suggests several possible
anti-inflammatory actions of MSCs in lung. MSCs produce a wide variety
of soluble mediators and can be influenced by specific microenviron-
ments to release different patterns of mediators®'" (Fig. 3). For
example, MSCs in bone marrow secrete cytokines and growth factors
supportive of haematopoeitic cell proliferation and development, including
granulocyte colony stimulating factor (G-CSF), stem cell factor (SCF),
leukaemia inhibitory factor (LIF), inteleukin 6 (IL-6) and interleukin 11
(IL-11).2"* Stimulation with interleukin 1o (IL-1o), a pro-inflammatory
cytokine that enhances bone marrow haematopoeisis, increases release of
G-CSF, IL-6, and IL-11 by the MSCs. It is likely that release of inflam-
matory mediators from MSCs is influenced by the type of inflammatory
environment found in different conditions of lung injury. For example,
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MSCs express a wide variety of chemokine and cytokine receptors,
including those for tumour necrosis factor oo (TNFa), interleukin 4 (IL-4),
interleukin 17 (IL-17), and interferon (IFNYy), as well as several toll-like
receptors including the endotoxin receptor TLR4.*"> The IL-17, receptor
in particular is expressed in high abundance*? and IL-17 has been
described as a proliferative stimulus for MSCs.*® Nonetheless, the effects
on MSC secretion of soluble mediators by these and other cytokines and
chemokines found in different lung injury conditions have been less well
explored.

MSCs can also inhibit the proliferation and function of a broad
range of immune cells, including T cells, B cells, natural killer (NK)
cells and dendritic cells (DCs)*"?'° (Fig. 3). Notably, MSCs inhibit
T lymphocyte proliferation, activation, and cytokine release in response
to either alloantigens or to mitogenic stimuli through a dose-dependent
direct suppressive effect on proliferation. The mechanisms of MSC
inhibition of T cell proliferation and function in vitro are only partly
understood, and both direct cell-cell contact as well as release of soluble
mediators has been proposed.?”’*'° Further, MSCs constitutively express
low levels of HLA class I molecules and do not express HLA class 11
molecules or the co-stimulatory molecules CD40, CD80, and CD86,
which are essential for activation of T-lymphocyte-mediated immune
responses.””’ 1% Ag such, these properties render MSCs generally non-
immunogenic and have been the basis of several clinical reports and,
more recently, clinical trials utilizing both autologous and allogeneic
MSCs for immune-mediated diseases, such as graft vs host disease and
Crohn’s disease.?!"?*'2?® These results suggest that administration of
MSCs may be a safe and feasible clinical approach for inflammatory
and immune-mediated lung diseases.

6. Lung Tissue Bioengineering

The use of three dimensional matrices or other artificial scaffolding
for growth of functional tissues has been increasingly successful in regen-
eration of skin, vasculature, cartilage, bone, and other tissues.*”*"*! Given
the complex three-dimensional architecture of the lung, this is a daunting

task; nonetheless, there has been significant progress in several areas.”*
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Notably, MSCs isolated from amniotic fluid, umbilical cord blood, or
bone marrow can be seeded on biodegradable polyglycolic acid or other
biosynthetic scaffolds and generate tracheal cartilage for use in repair of
congenital tracheal defects and also tendon tissue for use in congenital
diaphragmatic defects.”*>*° Most recently these approaches have resulted
in the successful clinical use of a bioengineered trachea.”’ Three-
dimensional culture systems have also been utilised as matrices for ex vivo
lung parenchymal development and for study of growth factor and
mechanical force effects on lung remodelling.****” For example, culture
of foetal rat lung homogenates in a three-dimensional glycosaminoglycan
(GAG) scaffold resulted in formation of alveolar-like structures in the
scaffold.”*® Foetal mouse cells cultured in three-dimensional hydrogels
and in synthetic polymer scaffolds resulted in generation of alveolar-
like units.**® Notably, stimulation of foetal mouse cells in polymer
scaffolds with different isoforms of fibroblast growth factor stimulated
different patterns of development.”** These studies demonstrate the
power of three-dimensional culture systems to evaluate lung development
and repair.

In vivo, a recent study demonstrated that foetal rat lung cells cultured
in a widely used surgical sponge, Gelfoam®, compossed of a biodegrad-
able gelatin matrix, and subsequently injected into normal rat lungs,
induced formation of branching, sacculated epithelial structures remin-
iscent of lung parenchymal architecture*’ (Fig. 4). Mixed foetal murine
epithelial cells admixed with Matrigel and injected subcutaneously into
the abdominal wall of adult mice demonstrated cells that expressed pro-
surfactant protein C after one week. Furthermore, addition of fibroblast
growth factor 2-loaded polyvinyl sponges enhanced vascularisation of
the impregnated Matrigel.”* These studies demonstrate the potential of
in vivo lung tissue generation utilizing mixed populations of foetal lung
cells. However, this is not a practical approach and lung tissue engineering
with stem or progenitor cells is a more feasible potential therapeutic
approach.

However, there are relatively few studies as yet evaluating whether
stem or progenitor cells isolated from adult bone marrow, cord blood, or
other sources can also comparably form airway or alveolar-like structures
when cultivated in a three-dimensional matrix or other scaffolding
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&

Figure 4: Expression of epithelial and endothelial markers in Gelfoam® sponges
implanted into rat lung. Sixty days after injection of Gelfoam® sponges impregnated with
foetal rat lungs cells into adult rat lungs, expression of various markers of mature lung cells
was detected in the sponge. Original magnification 100X. Figure adapted with permission
from Andrade et al. (2007).2%

material, or further, whether stem or progenitor cells cultured in such
fashion can be utilised for functional lung regeneration in vivo. Culture in
synthetic polymer constructs of a population of cells described as adult
lung somatic progenitor cells isolated from adult sheep lungs resulted in
expression of airway and alveolar epithelial markers by the cells.**
Structures resembling lung airways and parenchyma developed when
impregnated constructs were implanted subcutaneously in nude mice or
inserted into the wound cavity following wedge lung resection in sheep.
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Adipose-derived MSCs, cultured ex vivo in sheets of polyglycolic acid
and then applied to wound edges following lung volume reduction surgery
in rats, accelerated alveolar and vascular regeneration.'® Little other
information exists at present evaluating the development of lung tissue
from either adult or embryonic stem cells cultured in three-dimensional or
other matrices.

In addition to genetic regulatory programs, mechanical forces also play
a role in how differentiating tissues respond to gene instructions. During
breathing, lung cells undergo complex mechanical loading that includes
compression due to pressurisation and also stretch due to the expansion of
the lung tissue during inhalation. In utero, the mechanical forces are, in
part, generated by foetal breathing-like movements produced by rhythmic
contractions of the respiratory muscles with varying frequency and ampli-
tude.****! The normal movement is essential in the development of foetal
lung, differentiation of alveolar type 2 cells, and synthesis of surfactant
protein. > The absence of foetal breathing-like movements will lead to
pulmonary hypoplasia and is associated with poor infant outcome.***"
Several in vitro studies have demonstrated that application of cyclic bio-
mechanical stretch to cultures of mixed foetal rat lung cells increases SPC
mRNA expression compared to dexamethasone stimulation or control (no
forces applied).>**° However, the mechanisms by which cyclic mechani-
cal forces promote differentiation of foetal lung cells or influence repair of
injured adult lung cells are poorly understood.?"-¢!

These studies demonstrate that the application of bioengineering
approaches to ex vivo lung tissue generation offers a powerful new
approach for generating functional lung tissue that might be utilised for
in vivo implantation to repair damaged lung in destructive diseases such
as emphysema.

7. Clinical Trials in Lung Cell Therapy

While a relatively large number of clinical trials in cell therapy approaches
have occurred in other disciplines, for example cardiovascular diseases,
only a small number of trials have been initiated for pulmonary diseases.
In part this reflects the complexity of the lung and relatively poor under-
standing of mechanisms by which exogenously administered stem or
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progenitor cells might have therapeutic effects in lung. Nonetheless, given
the overall safety record of the cardiovascular trials as well as the safety
and efficacy record of recent trials evaluating systemic MSC administra-
tion to patients with either graft vs host disease or with Crohn’s disease,
there is more enthusiasm to push ahead with clinical trials in pulmonary
diseases. Three recent trials have focused on the use of systemic adminis-
tration of autologous EPCs for primary pulmonary hypertension (see
contribution in this book). Most recently, a multicentre double-blinded
placebo control Phase 2 trial of allogeneic MSC infusions (PROCHY-
MAL™, Osiris Therapeutics Inc., Columbia MD) for patients with
moderate—severe chronic obstructive pulmonary disease (COPD) (FEV1/
FVC < 0.70, 30% < FEV1 < 70%) was initiated in May 2008.%* This trial
parallels comparable trials utilizing allogeneic MSC infusion for graft vs
host disease and for Crohn’s disease, and is based on the hypothesis that
anti-inflammatory actions of MSCs will decrease pulmonary and perhaps
systemic inflammation associated with COPD and improve lung function,
dyspnea, and quality of life. Engraftment and/or regeneration of destroyed
lung tissue is not hypothesised to be a significant potential mechanism of
MSC action in this trial. Primary safety and efficacy endpoint assessments
include pulmonary function testing, Borg dyspnea scale, and health-
related quality of life assessments. Safety assessments further include the
monitoring of blood counts, electrolytes, liver function tests, urinalyses,
physician global assessments, time to hospitalisation and hospitalisation
rates, time to COPD exacerbation and COPD exacerbation rates, use of
rescue inhalers, and assessment of pulmonary hypertension by echocar-
diography. Safety endpoints also include the monitoring of adverse
events, infusional toxicity, and overall survival and survival time.

These are groundbreaking and exciting trials of cell therapy
approaches for lung diseases and will hopefully provide a firm basis of
safety and potential efficacy for future trials in other lung diseases. Notably,
MSCs can home to tumours, through as yet unclear mechanisms, and serve
as vehicles for delivery of chemotherapeutic and other anti-tumour
agents.'”"'"? This has recently been described in mouse lung tumour mod-
els and may provide a viable therapy for lung cancers.'”*"'’® Administration
of MSCs to patients with acute respiratory distress syndrome (ARDS) may
also be another viable area for potential clinical investigations and trials.
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8. Conclusions

The study of endogenous lung stem cells and investigation of cell therapy
approaches for lung diseases are rapidly evolving fields that hold promise
for both increasing understanding of the mechanisms of lung development
and lung repair, and providing potential new therapeutic avenues for the
treatment of lung diseases. As further explored in subsequent chapters,
there are a variety of approaches being pursued, each of which may result
in significant advances in both basic science and translational aspects of
lung biology and diseases.

References

1.

Weiss, D.J., Kolls, J.K., Ortiz, L.A., Panoskaltsis-Mortari, A., and Prockop,
D.J. Stem cells and cell therapies in lung biology and lung diseases. Proc
Am Thorac Soc 5(5), 637-667 (2008).

. Stripp, B.R. and Reynolds, S.D. Maintenance and repair of the bronchiolar

epithelium. Proc Am Thorac Soc 5(3), 328-333 (2008).

. Jaenisch, R. and Young, R. Stem cells, the molecular circuitry of pluripo-

tency and nuclear reprogramming. Cell 132(4), 567-582 (2008).

. Weiss, D.J., Berberich, M.A., Borok, Z., Gail, D.B., Kolls, J.K., Penland, C.,

and Prockop, D.J. Adult stem cells, lung biology, and lung disease.
NHLBI/Cystic Fibrosis Foundation Workshop. Proc Am Thorac Soc 3(3),
193-207 (2006).

. Brown, J.K., Hogan, B.L.M., Randell. S.H., Stripp, B., and Weiss, D.J.

Human embryonic stem cell research. Am J Respir Crit Care Med 173(9),
1043-1045 (2006).

. Fisher, K.A. and Summer, R.S. Stem and progenitor cells in the

formation of the pulmonary vasculature. Curr Top Dev Biol 74, 117-131
(2006).

. Herzog, E.L. and Krause, D.S. Engraftment of marrow-derived epithelial

cells: the role of fusion. Proc Am Thorac Soc 3(8), 691-695 (2006).

. Liu, X., Driskell, R.R., and Engelhardt, J.F. Stem cells in the lung. Methods

Enzymol 419, 285-321 (2006).

. Neuringer, [.P. and Randell, S.H. Lung stem cell update: promise and con-

troversy. Monaldi Arch Chest Dis 65(1), 47-51 (2006).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Current Knowledge of Stem Cell Therapy 27

Rawlins, E.L. and Hogan, B.L. Epithelial stem cells of the lung: privileged
few or opportunities for many? Development 133(13), 2455-2465 (2006).
van Haaften, T. and Thebaud, B. Adult bone marrow-derived stem cells for
the lung: implications for pediatric lung diseases. Pediatr Res 59(4 Pt 2),
94R-99R (2006).

Yen, C.C., Yang, S.H., Lin, C.Y., and Chen, C.M. Stem cells in the lung
parenchyma and prospects for lung injury therapy. Eur J Clin Invest 36(5),
310-319 (2006).

Bellini, A. and Mattoli, S. The role of the fibrocyte, a bone marrow-derived
mesenchymal progenitor, in reactive and reparative fibroses. Lab Invest 87(9),
858-870 (2007).

Varanou, A., Page, C.P., and Minger, S.L.. Human embryonic stem cells and
lung regeneration. Br J Pharmacol 155(3), 316-325 (2008).

Giangreco, A., Groot, K.R., and Janes, S.M. Lung cancer and lung stem cells:
strange bedfellows? Am J Respir Crit Care Med 175(6), 547-553 (2007).
Gomperts, B.N. and Strieter, R.M. Fibrocytes in lung disease. J Leukoc Biol
82(3), 449-456 (2007).

Kim, C.B. Advancing the field of lung stem cell biology. Front Biosci 12,
3117-3124 (2007).

Kim, C.F. Paving the road for lung stem cell biology: bronchioalveolar stem
cells and other putative distal lung stem cells. Am J Physiol Lung Cell Mol
Physiol 293(5), L1092-L.1098 (2007).

Kotton, D.N. and Fine, A. Lung stem cells. Cell Tissue Res 331(1), 145-156
(2008).

Loebinger, M.R. and Janes, S.M. Stem cells for lung disease. Chest 132(1),
279-285 (2007).

Gharaee-Kermani, M., Gyetko, M.R., Hu, B., and Phan, S.H. New insights
into the pathogenesis and treatment of idiopathic pulmonary fibrosis: a
potential role for stem cells in the lung parenchyma and implications for
therapy. Pharm Res 24(5), 819-841 (2007).

Phinney, D.G. and Prockop, D.J. Concise review: mesenchymal stem/
multipotent stromal cells: the state of transdifferentiation and modes of
tissue repair — current views. Stem Cells 25(11), 28962902 (2007).
Prockop, D.J. “Stemness” does not explain the repair of many tissues by
mesenchymal stem/multipotent stromal cells (MSCs). Clin Pharmacol Ther
82(3), 241-243 (2007).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



28 D. J. Weiss

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sueblinvong, V., Suratt, B.T., and Weiss, D.J. Novel therapies for the treat-
ment of cystic fibrosis: new developments in gene and stem cell therapy.
Clin Chest Med 28(2), 361-379 (2007).

Reynolds, S.D., Shen, H., Reynolds, P.R., Betsuyaku, T., Pilewski, J.M.,
Gambelli, F., Di Giuseppe, M., Ortiz, L.A., and Stripp, B.R. Molecular and
functional properties of lung SP cells. Am J Physiol Lung Cell Mol Physiol
292(4), L972-1.983 (2007).

Lama, V.N. and Phan, S.H. The extrapulmonary origin of fibroblasts:
stem/progenitor cells and beyond. Proc Am Thorac Soc 3(4), 373-376 (2006).
Olsson, F., Denham, M., Cole, T.J., Hooper, S.B., and Mollard, R. Deriving
respiratory cell types from stem cells. Curr Stem Cell Res Ther 2(3),
197-208 (2007).

Kannan, S. and Wu, M. Respiratory stem cells and progenitors: overview,
derivation, differentiation, carcinogenesis, regeneration and therapeutic
application. Curr Stem Cell Res Ther 1(1), 37-46 (2006).

Murphy, J., Summer, R., and Fine, A. Stem cells in airway smooth muscle:
state of the art. Proc Am Thorac Soc 5(1), 11-14 (2008).

Krause, D.S. Bone marrow-derived cells and stem cells in lung repair. Proc
Am Thorac Soc 5(3), 323-327 (2008).

Martin, U. Methods for studying stem cells: adult stem cells for lung repair.
Methods 45(2), 121-132 (2008).

Loebinger, M.R., Sage, E.K., and Janes, S.M. Mesenchymal stem cells as
vectors for lung disease. Proc Am Thorac Soc 5(6), 711-716 (2008).
Warburton, D., Perin, L., Defilippo, R., Bellusci, S., Shi, W., and Driscoll, B.
Stem/progenitor cells in lung development, injury repair, and regeneration.
Proc Am Thorac Soc 5(6), 703706 (2008).

Rawlins, E.L. Lung epithelial progenitor cells: lessons from development.
Proc Am Thorac Soc 5(6), 675-681 (2008).

Van Vranken, B.E., Rippon, H.J., Samadikuchaksaraei, A., Trounson, A.O.,
and Bishop, A.E. The differentiation of distal lung epithelium from embry-
onic stem cells. Curr Protoc Stem Cell Biol, Chapter 1, Unit 1G 1 (2007).
Borthwick, D.W., Shahbazian, M., Krantz, Q.T., Dorin, J.R., and Randell,
S.H. Evidence for stem-cell niches in the tracheal epithelium. Am J Respir
Cell Mol Biol 24(6), 662-670 (2001).

Schoch, K.G, Lori, A., Burns, K.A., Eldred, T., Olsen, J.C., and Randell,
S.H. A subset of mouse tracheal epithelial basal cells generates large colonies
in vitro. Am J Physiol Lung Cell Mol Physiol 286(4), L631-1.642 (2004).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Current Knowledge of Stem Cell Therapy 29

Engelhardt, J.F., Schlossberg, H., Yankaskas, J.R., and Dudus, L. Progenitor
cells of the adult human airway involved in submucosal gland development.
Development 121(7), 2031-2046 (1995).

Avril-Delplanque, A., Casal, 1., Castillon, N., Hinnrasky, J., Puchelle, E.,
and Peault, B. Aquaporin-3 expression in human fetal airway epithelial
progenitor cells. Stem Cells 23(7), 992—-1001 (2005).

Hong, K.U., Reynolds, S.D., Giangreco, A., Hurley, C.M., and Stripp, B.R.
Clara cell secretory protein-expressing cells of the airway neuroepithelial
body microenvironment include a label-retaining subset and are critical for
epithelial renewal after progenitor cell depletion. Am J Respir Cell Mol Biol
24(6), 671-681 (2001).

Giangreco, A., Reynolds, S.D., and Stripp, B.R. Terminal bronchioles
harbor a unique airway stem cell population that localizes to the bron-
choalveolar duct junction. Am J Pathol 161(1), 173-182 (2002).

Reynolds, S.D., Giangreco, A., Power, J.H., and Stripp, B.R. Neuroepithelial
bodies of pulmonary airways serve as a reservoir of progenitor cells capable
of epithelial regeneration. Am J Pathol 156(1), 269-278 (2000).

Kim, C.F,, Jackson, E.L., Woolfenden, A.E., Lawrence, S., Babar, 1., Vogel,
S., Crowley, D., Bronson, R.T., and Jacks, T. Identification of bronchioalve-
olar stem cells in normal lung and lung cancer. Cell 121(6), 823-835 (2005).
Ling, T.Y., Kuo, M.D,, Li, C.L., Yu, A.L., Huang, Y.H., Wu, T.J., Lin, Y.C,,
Chen, S.H., and Yu, J. Identification of pulmonary Oct-4+ stem/progenitor
cells and demonstration of their susceptibility to SARS coronavirus (SARS-
CoV) infection in vitro. Proc Natl Acad Sci USA 103(25), 9530-9535
(20006).

Ratajczak, M.Z., Machalinski, B., Wojakowski, W., Ratajczak, J., and
Kucia, M. A hypothesis for an embryonic origin of pluripotent Oct-4(+)
stem cells in adult bone marrow and other tissues. Leukemia 21(5), 860-867
(2007).

Besson, A., Hwang, H.C., Cicero, S., Donovan, S.L., Gurian-West, M.,
Johnson, D., Clurman, B.E., Dyer, M.A., and Roberts, J.M. Discovery of an
oncogenic activity in p27Kipl that causes stem cell expansion and a
multiple tumor phenotype. Genes Dev 21(14), 1731-1746 (2007).

Ventura, J.J., Tenbaum, S., Perdiguero, E., Huth, M., Guerra, C., Barbacid, M.,
Pasparakis, M., and Nebreda, A.R. p38alpha MAP kinase is essential in lung
stem and progenitor cell proliferation and differentiation. Nar Genet 39(6),
750-758 (2007).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



30 D. J. Weiss

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Yanagi, S., Kishimoto, H., Kawahara, K., Sasaki, T., Sasaki, M., Nishio, M.,
Yajima, N., Hamada, K., Horie, Y., Kubo, H., Whitsett, J.A., Mak, T.W.,
Nakano, T., Nakazato, M., and Suzuki, A. Pten controls lung morphogene-
sis, bronchioalveolar stem cells, and onset of lung adenocarcinomas in
mice. J Clin Invest 117(10), 2929-2940 (2007).

Reynolds, S.D., Zemke, A.C., Giangreco, A., Brockway, B.L., Teisanu,
R.M., Drake, J.A., Mariani, T., Di, P.Y., Taketo, M.M., and Stripp, B.R.
Conditional stabilization of beta-catenin expands the pool of lung stem
cells. Stem Cells 26(5), 1337-1346 (2008).

Zhang, Y., Goss, A.M., Cohen, E.D., Kadzik, R., Lepore, J.J.,
Muthukumaraswamy, K., Yang, J., DeMayo, F.J., Whitsett, J.A., Parmacek,
M.S., and Morrisey, E.E. A Gata6-Wnt pathway required for epithelial stem
cell development and airway regeneration. Nat Genet 40(7), 862—870 (2008).
Liu, X., Luo, M., Guo, C., Yan, Z., Wang, Y., Lei-Butters, D.C., and
Engelhardt, J.F. Analysis of adeno-associated virus progenitor cell trans-
duction in mouse lung. Mol Ther online (November 2008).

Hollande, E., Cantet, S., Ratovo, G, Daste, G., Bremont, F., and Fanjul, M.
Growth of putative progenitors of type II pneumocytes in culture of human
cystic fibrosis alveoli. Biol Cell 96(6), 429-441 (2004).

Pan, J., Bear, C., Farragher, S., Cutz, E., and Yeger, H. Cystic fibrosis trans-
membrane conductance regulator modulates neurosecretory function in
pulmonary neuroendocrine cell-related tumor cell line models. Am J Respir
Cell Mol Biol 27(5), 553-560 (2002).

Yeger, H., Pan, J., Fu, X.W., Bear, C., and Cutz, E. Expression of CFTR and
CI(—) conductances in cells of pulmonary neuroepithelial bodies. Am J
Physiol Lung Cell Mol Physiol 281(3), L713-L721 (2001).

Pan, J., Luk, C., Kent, G, Cutz, E., and Yeger, H. Pulmonary neuroen-
docrine cells, airway innervation, and smooth muscle are altered in Cftr null
mice. Am J Respir Cell Mol Biol 35(3), 320-326 (2006).

Willis, B.C. and Borok, Z. TGF-beta-induced EMT: mechanisms and impli-
cations for fibrotic lung disease. Am J Physiol Lung Cell Mol Physiol 293(3),
L525-1.534 (2007).

Willis, B.C., duBois, R.M., and Borok, Z. Epithelial origin of myofibrob-
lasts during fibrosis in the lung. Proc Am Thorac Soc 3(4), 377-382 (2006).
Demayo, F., Minoo, P., Plopper, C.G.,, Schuger, L., Shannon, J., and Torday,
J.S. Mesenchymal-epithelial interactions in lung development and repair: Are

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Current Knowledge of Stem Cell Therapy 31

modeling and remodeling the same process? Am J Physiol Lung Cell Mol
Physiol 283(3), L510-L517 (2002).

Park, K.S., Wells, J.M., Zorn, A.M., Wert, S.E., Laubach, VE., Fernandez,
L.G, and Whitsett, J.A. Transdifferentiation of ciliated cells during repair of
the respiratory epithelium. Am J Respir Cell Mol Biol 34(2), 151-157
(20006).

Wu, R., Harper, R., Kao, C.Y., Thai, P., Wu, D., Chen, Y., Chang, M.M.J.
New insights into airway mucous cell differentiation. Journal of Organ
Dysfunction 2(1), 30-36 (2006).

Wang, J., Edeen, K., Manzer, R., Chang, Y., Wang, S., Chen, X., Funk, C.J.,
Cosgrove, GP., Fang, X., and Mason, R.J. Differentiated human alveolar
epithelial cells and reversibility of their phenotype in vitro. Am J Respir Cell
Mol Biol 36(6), 661-668 (2007).

Morrison, S.J. Cancer stem cells. Clin Adv Hematol Oncol 3(3), 171-172
(2005).

Reya, T., Morrison, S.J., Clarke, M.F., and Weissman, I.L. Stem cells,
cancer, and cancer stem cells. Nature 414(6859), 105-111 (2001).

Eramo, A., Lotti, F., Sette, G, Pilozzi, E., Biffoni, M., Di Virgilio, A.,
Conticello, C., Ruco, L., Peschle, C., and De Maria, R. Identification and
expansion of the tumorigenic lung cancer stem cell population. Cell Death
Differ 15(3), 504-514 (2008).

Chen, Y.C., Hsu, H.S., Chen, Y.W., Tsai, T.H., How, C.K., Wang, C.Y.,
Hung, S.C., Chang, Y.L., Tsai, M.L., Lee, Y.Y., Ku, H.H., and Chiou, S.H.
Oct-4 expression maintained cancer stem-like properties in lung cancer-
derived CD133-positive cells. PLoS ONE 3(7), €2637 (2008).

Ho, M.M., Ng, A.V.,, Lam, S., and Hung, J.Y. Side population in human lung
cancer cell lines and tumors is enriched with stem-like cancer cells. Cancer
Res 67(10), 4827-4833 (2007).

Tian, J., Mahmood, R., Hnasko, R., and Locker, J. Loss of Nkx2.8 deregu-
lates progenitor cells in the large airways and leads to dysplasia. Cancer Res
66(21), 10399-10407 (20006).

Sicinski, P., Zacharek, S., and Kim, C. Duality of p27Kipl function in
tumorigenesis. Genes Dev 21(14), 1703-1706 (2007).

Watkins, D.N., Berman, D.M., Burkholder, S.G., Wang, B., Beachy, P.A.,
and Baylin, S.B. Hedgehog signalling within airway epithelial progenitors
and in small-cell lung cancer. Nature 422(6929), 313-317 (2003).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



32 D. J. Weiss

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Pei, X.H., Bai, F., Smith, M.D., and Xiong, Y. p18Ink4c collaborates with
Menl to constrain lung stem cell expansion and suppress non-small-cell
lung cancers. Cancer Res 67(7), 3162-3170 (2007).

Seo, D.C., Sung, J.M., Cho, H.J., Yi, H., Seo, K.H., Choi, LS., Kim, D.K,,
Kim, J.S., El-Aty, A.A., and Shin, H.C. Gene expression profiling of cancer
stem cell in human lung adenocarcinoma A549 cells. Mol Cancer 6,75 (2007).
Zhang, X., Zhao, P., Kennedy, C., Chen, K., Wiegand, J., Washington, G,
Marrero, L., and Cui, Y. Treatment of pulmonary metastatic tumors in mice
using lentiviral vector-engineered stem cells. Cancer Gene Ther 15(2),
73-84 (2008).

Beckett, T., Loi, R., Prenovitz, R., Poynter, M., Goncz, K.K., Suratt, B.T.,
and Weiss, D.J. Acute lung injury with endotoxin or NO, does not enhance
development of airway epithelium from bone marrow. Mol Ther 12(4),
680-686 (2005).

Theise, N.D., Henegariu, O., Grove, J., Jagirdar, J., Kao, PN., Crawford,
J.M., Badve, S., Saxena, R., and Krause, D.S. Radiation pneumonitis in
mice: a severe injury model for pneumocyte engraftment from bone
marrow. Exp Hematol 30(11), 1333-1338 (2002).

Herzog, E.L., Van Arnam, J., Hu, B., and Krause, D.S. Threshold of lung
injury required for the appearance of marrow-derived lung epithelia. Stem
Cells 24(8), 1986—-1992 (2006).

Suratt, B.T., Cool, C.D., Serls, A.E., Chen, L., Varella-Garcia, M., Shpall,
E.J., Brown, K.K., and Worthen, G.S. Human pulmonary chimerism after
hematopoietic stem cell transplantation. Am J Respir Crit Care Med 168(3),
318-322 (2003).

Mattsson, J., Jansson, M., Wernerson, A., and Hassan, M. Lung epithelial
cells and type II pneumocytes of donor origin after allogeneic hematopoi-
etic stem cell transplantation. Transplantation 78(1), 154—157 (2004).
Kleeberger, W., Versmold, A., Rothamel, T., Glockner, S., Bredt, M.,
Haverich, A., Lehmann, U., and Kreipe, H. Increased chimerism of
bronchial and alveolar epithelium in human lung allografts undergoing
chronic injury. Am J Pathol 162(5), 1487-1494 (2003).

Spencer, H., Rampling, D., Aurora, P., Bonnet, D., Hart, S.L., and Jaffe, A.
Transbronchial biopsies provide longitudinal evidence for epithelial
chimerism in children following sex mismatched lung transplantation.
Thorax 60(1), 602 (2005).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Current Knowledge of Stem Cell Therapy 33

Bittmann, I., Dose, T., Baretton, GB., Muller, C., Schwaiblmair, M., Kur, F.,
and Lohrs, U. Cellular chimerism of the lung after transplantation. An inter-
phase cytogenetic study. Am J Clin Pathol 115(4), 525-533 (2001).
Davies, J.C., Potter, M., Bush, A., Rosenthal, M., Geddes, D.M., and Alton,
E.W. Bone marrow stem cells do not repopulate the healthy upper respiratory
tract. Pediatr Pulmonol 34(4), 251-256 (2002).

Zander, D.S., Baz, M.A., Cogle, C.R., Visner, GA., Theise, N.D., and
Crawford, J.M. Bone marrow-derived stem-cell repopulation contributes
minimally to the Type II pneumocyte pool in transplanted human lungs.
Transplantation 80(2), 206-212 (2005).

Albera, C., Polak, J.M., Janes, S., Griffiths, M.J., Alison, M.R., Wright, N.A.,
Navaratnarasah, S., Poulsom, R., Jeffery, R., Fisher, C., Burke, M., and Bishop,
A.E. Repopulation of human pulmonary epithelium by bone marrow cells: a
potential means to promote repair. Tissue Eng 11(7-8), 1115-1121 (2005).
Kotton, D.N., Fabian, A.J., and Mulligan, R.C. Failure of bone marrow to
reconstitute lung epithelium. Am J Respir Cell Mol Biol 33(4), 328-334
(2005).

Chang, J.C., Summer, R., Sun, X., Fitzsimmons, K., and Fine, A. Evidence
that bone marrow cells do not contribute to the alveolar epithelium. Am J
Respir Cell Mol Biol 33(4), 335-342 (2005).

Swenson, E.S., Price, J.G., Brazelton, T., and Krause, D.S. Limitations of
green fluorescent protein as a cell lineage marker. Stem Cells 25(10),
2593-2600 (2007).

Trotman, W., Beckett, T., Goncz, K.K., Beatty, B.G,, and Weiss, D.J. Dual
Y chromosome painting and in situ cell-specific immunofluorescence stain-
ing in lung tissue: an improved method of identifying donor marrow cells in
lung following bone marrow transplantation. Histochem Cell Biol 121(1),
73-79 (2004).

Sueblinvong, V., Loi, R., Eisenhauer, P.L., Bernstein, .M., Suratt, B.T,
Spees, J.L., and Weiss, D.J. Derivation of lung epithelium from human cord
blood-derived mesenchymal stem cells. Am J Respir Crit Care Med 177(7),
701-711 (2008).

Macpherson, H., Keir, P., Webb, S., Samuel, K., Boyle, S., Bickmore, W.,
Forrester, L., and Dorin, J. Bone marrow-derived SP cells can contribute to
the respiratory tract of mice in vivo. J Cell Sci 118(Pt 11), 2441-2450
(2005).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



34 D. J. Weiss

90.

91.

92.

93.

94.

95.

96.

97.

98.

MacPherson, H., Keir, P.A., Edwards, C.J., Webb, S., and Dorin, J.R.
Following damage, the majority of bone marrow-derived airway cells
express an epithelial marker. Respir Res 7, 145 (2006).

Loi, R., Beckett, T., Goncz, K.K., Suratt, B.T., and Weiss, D.J. Limited
restoration of cystic fibrosis lung epithelium in vivo with adult bone
marrow-derived cells. Am J Respir Crit Care Med 173(2), 171-179
(2000).

Yan, C., Lian, X., Dai, Y., Wang, X., Qu, P., White, A., Qin, Y., and Du, H.
Gene delivery by the hSP-B promoter to lung alveolar type II epithelial cells
in LAL-knockout mice through bone marrow mesenchymal stem cells.
Gene Ther 14(20), 1461-1470 (2007).

Serikov, V.B., Popov, B., Mikhailov, V.M., Gupta, N., and Matthay, M.A.
Evidence of temporary airway epithelial repopulation and rare clonal for-
mation by BM-derived cells following naphthalene injury in mice. Anat Rec
(Hoboken) 290(9), 1033—-1045 (2007).

Wong, A.P, Dutly, A.E., Sacher, A., Lee, H.,, Hwang, D.M., Liu, M.,
Keshavjee, S., Hu, J., and Waddell, T.K. Targeted cell replacement with
bone marrow cells for airway epithelial regeneration. Am J Physiol Lung
Cell Mol Physiol 293(3), L740-L752 (2007).

Bruscia, E.M., Price, J.E., Cheng, E.C., Weiner, S., Caputo, C., Ferreira, E.C.,
Egan, M.E., and Krause, D.S. Assessment of cystic fibrosis transmembrane
conductance regulator (CFTR). activity in CFTR-null mice after bone
marrow transplantation. Proc Natl Acad Sci USA 103(8), 2965-2970 (2006).
Bruscia, EMM., Ziegler, E.C., Price, J.E., Weiner, S., Egan, M.E., and
Krause, D.S. Engraftment of donor-derived epithelial cells in multiple
organs following bone marrow transplantation into newborn mice. Stem
Cells 24(10), 2299-2308 (2006).

Spees, J.L., Pociask, D.A., Sullivan, D.E., Whitney, M.J., Lasky, J.A.,
Prockop, D.J., and Brody, A.R. Engraftment of bone marrow progenitor
cells in a rat model of asbestos-induced pulmonary fibrosis. Am J Respir
Crit Care Med 176(4), 385-394 (2007).

Zhao, Y.D., Courtman, D.W., Deng, Y., Kugathasan, L., Zhang, Q., and
Stewart, D.J. Rescue of monocrotaline-induced pulmonary arterial hyperten-
sion using bone marrow-derived endothelial-like progenitor cells: efficacy of
combined cell and eNOS gene therapy in established disease. Circ Res 96(4),
442-450 (2005).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



99.

100.

101.

102.

103.

104.

105.

106.

107.

Current Knowledge of Stem Cell Therapy 35

Raoul, W., Wagner-Ballon, O., Saber, G., Hulin, A., Marcos, E., Giraudier, S.,
Vainchenker, W., Adnot, S., Eddahibi, S., and Maitre, B. Effects of bone
marrow-derived cells on monocrotaline- and hypoxia-induced pulmonary
hypertension in mice. Respir Res 8, 8 (2007).

Zhu, J.H., Wang, X.X., Zhang, FR., Shang, Y.P., Tao, Q.M., and Chen, J.Z.
Safety and efficacy of autologous endothelial progenitor cells transplanta-
tion in children with idiopathic pulmonary arterial hypertension: open-label
pilot study. Pediatr Transplant 12(6), 650—-655 (2008).

Spees, J.L., Olson, S.D., Ylostalo, J., Lynch, PJ., Smith, J., Perry, A,
Peister, A., Wang, M.Y., and Prockop, D.J. Differentiation, cell fusion, and
nuclear fusion during ex vivo repair of epithelium by human adult stem cells
from bone marrow stroma. Proc Natl Acad Sci USA 100(5), 2397-2402
(2003).

Harris, R.G,, Herzog, E.L., Bruscia, E.M., Grove, J.E., Van Arnam, J.S., and
Krause, D.S. Lack of a fusion requirement for development of bone
marrow-derived epithelia. Science 305(5680), 90-93 (2004).

Herzog, E.L., Van Arnam, J., Hu, B., Zhang, J., Chen, Q., Haberman, A.M.,
and Krause, D.S. Lung-specific nuclear reprogramming is accompanied by
heterokaryon formation and Y chromosome loss following bone marrow
transplantation and secondary inflammation. FASEB J 21(10), 2592-2601
(2007).

Levis, J., Loi, R., Butnor, K.J., Vacek, P., Steele, C., Mossman, B.T., and
Weiss, D.J. Decreased asbestos-induced lung inflammation and fibrosis
after radiation and bone marrow transplant. Am J Respir Cell Mol Biol
38(1), 16-25 (2008).

Gupta, N., Su, X., Popov, B., Lee, J.W., Serikov, V., and Matthay, M.A.
Intrapulmonary delivery of bone marrow-derived mesenchymal stem cells
improves survival and attenuates endotoxin-induced acute lung injury in
mice. J Immunol 179(3), 1855-1863 (2007).

Kucia, M., Wysoczynski, M., Ratajczak, J., and Ratajczak, M.Z.
Identification of very small embryonic like (VSEL) stem cells in bone mar-
row. Cell Tissue Res 331(1), 125-134 (2008).

Kucia, M., Zuba-Surma, E.K., Wysoczynski, M., Wu, W., Ratajczak, J.,
Machalinski, B., and Ratajczak, M.Z. Adult marrow-derived very small
embryonic-like stem cells and tissue engineering. Expert Opin Biol Ther
7(10), 1499-1514 (2007).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



36 D. J. Weiss

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

Gomperts, B.N., Belperio, J.A., Rao, P.N., Randell, S.H., Fishbein, M.C.,
Burdick, M.D., and Strieter, R.M. Circulating progenitor epithelial cells
traffic via CXCR4/CXCL12 in response to airway injury. J Immunol
176(3), 1916-1927 (2006).

Wong, A.P,, Keating, A., Lu, W.-Y., Duschesneau, P., Wang, X., Sacher, A.,
Hu, J., and Waddell, T.K. Identification of a bone marrow-derived
epithelial-like population capable of repopulating injured mouse airway
epithelium. J Clin Invest 119, 336-348 (2009).

Berger, M.J., Adams, S.D., Tigges, B.M., Sprague, S.L., Wang, X.J,,
Collins, D.P., and McKenna, D.H. Differentiation of umbilical cord blood-
derived multilineage progenitor cells into respiratory epithelial cells.
Cytotherapy 8(5), 480-487 (20006).

Miao, Z., Jin, J., Chen, L., Zhu, J., Huang, W., Zhao, J., Qian, H., and
Zhang, X. Isolation of mesenchymal stem cells from human placenta: com-
parison with human bone marrow mesenchymal stem cells. Cell Biol Int
30(9), 681-687 (2006).

Traktuev, D.O., Merfeld-Clauss, S., Li, J., Kolonin, M., Arap, W.,
Pasqualini, R., Johnstone, B.H., and March, K.L. A population of multipo-
tent CD34-positive adipose stromal cells share pericyte and mesenchymal
surface markers, reside in a periendothelial location, and stabilize endothe-
lial networks. Circ Res 102(1), 77-85 (2008).

Samadikuchaksaraei, A. and Bishop, A.E. Derivation and characterization
of alveolar epithelial cells from murine embryonic stem cells in vitro.
Methods Mol Biol 330, 233-248 (20006).

Rippon, H.J., Polak, J.M., Qin, M., and Bishop, A.E. Derivation of distal
lung epithelial progenitors from murine embryonic stem cells using a novel
three-step differentiation protocol. Stem Cells 24(5), 1389—-1398 (2006).
Wang, D., Haviland, D.L., Burns, A.R., Zsigmond, E., and Wetsel, R.A.
A pure population of lung alveolar epithelial type II cells derived from
human embryonic stem cells. Proc Natl Acad Sci USA 104(11),
4449-4454 (2007).

Samadikuchaksaraei, A., Cohen, S., Isaac, K., Rippon, H.J., Polak, J.M.,
Bielby, R.C., and Bishop, A.E. Derivation of distal airway epithelium from
human embryonic stem cells. Tissue Eng 12(4), 867-875 (2006).

Denham, M., Conley, B.J., Olsson, F., Gulluyan, L., Cole, T.J., and Mollard,
R. A murine respiratory-inducing niche displays variable efficiency across

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



118.

119.

120.

121.

122.

123.

124.

125.

126.

Current Knowledge of Stem Cell Therapy 37

human and mouse embryonic stem cell species. Am J Physiol Lung Cell Mol
Physiol 292(5), L1241-1L1247 (2007).

Denham, M., Cole, T.J., and Mollard, R. Embryonic stem cells form glan-
dular structures and express surfactant protein C following culture with
dissociated fetal respiratory tissue. Am J Physiol Lung Cell Mol Physiol
290(6), L1210-L1215 (2006).

Coraux, C., Nawrocki-Raby, B., Hinnrasky, J., Kileztky, C., Gaillard, D.,
Dani, C., and Puchelle, E. Embryonic stem cells generate airway epithelial
tissue. Am J Respir Cell Mol Biol 32(2), 87-92 (2005).

Takahashi, K. and Yamanaka, S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell
126(4), 663-676 (2006).

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K.,
and Yamanaka, S. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131(5), 861-872 (2007).

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L.,
Tian, S., Nie, J., Jonsdottir, GA., Ruotti, V., Stewart, R., Slukvin, II, and
Thomson, J.A. Induced pluripotent stem cell lines derived from human
somatic cells. Science 318(5858), 1917-1920 (2007).

Nakagawa, M., Koyanagi, M., Tanabe, K., Takahashi, K., Ichisaka, T., Aoi, T.,
Okita, K., Mochiduki, Y., Takizawa, N., and Yamanaka, S. Generation of
induced pluripotent stem cells without Myc from mouse and human fibrob-
lasts. Nat Biotechnol 26(1), 101-106 (2008).

Pickering, S.J., Minger, S.L., Patel, M., Taylor, H., Black, C., Burns, C.J.,
Ekonomou, A., and Braude, P.R. Generation of a human embryonic stem
cell line encoding the cystic fibrosis mutation deltaF508, using preimplan-
tation genetic diagnosis. Reprod Biomed Online 10(3), 390-397 (2005).
Mateizel, 1., De Temmerman, N., Ullmann, U., Cauffman, G., Sermon, K.,
Van de Velde, H., De Rycke, M., Degreef, E., Devroey, P., Liebaers, 1., and
Van Steirteghem, A. Derivation of human embryonic stem cell lines from
embryos obtained after IVF and after PGD for monogenic disorders. Hum
Reprod 21(2), 503-511 (2006).

Kuang, P.P., Lucey, E., Rishikof, D.C., Humphries, D.E., Bronsnick, D.,
and Goldstein, R.H. Engraftment of neonatal lung fibroblasts into the
normal and elastase-injured lung. Am J Respir Cell Mol Biol 33(4),
371-377 (2005).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



38 D. J. Weiss

127.

128.

129.

130.

131.

132.

133.

134.

135.

Serrano-Mollar, A., Nacher, M., Gay-Jordi, G., Closa, D., Xaubet, A., and
Bulbena, O. Intratracheal transplantation of alveolar type II cells reverses
bleomycin-induced lung fibrosis. Am J Respir Crit Care Med 176(12),
1261-1268 (2007).

McCarter, S.D., Mei, S.H., Lai, P.F., Zhang, Q.W., Parker, C.H., Suen, R.S.,
Hood, R.D., Zhao, Y.D., Deng, Y., Han, R.N., Dumont, D.J., and Stewart,
DJ. Cell-based angiopoietin-1 gene therapy for acute lung injury. Am J
Respir Crit Care Med 175(10), 1014-1026 (2007).

Yan, X., Liu, Y., Han, Q., Jia, M., Liao, L., Qi, M., and Zhao, R.C. Injured
microenvironment directly guides the differentiation of engrafted Flk-1(+)
mesenchymal stem cell in lung. Exp Hematol 35(9), 1466—-1475 (2007).
Kahler, C.M., Wechselberger, J., Hilbe, W., Gschwendtner, A., Colleselli, D.,
Niederegger, H., Boneberg, E.M., Spizzo, G., Wendel, A., Gunsilius, E.,
Patsch, J.R., and Hamacher, J. Peripheral infusion of rat bone marrow
derived endothelial progenitor cells leads to homing in acute lung injury.
Respir Res 8, 50 (2007).

Suzuki, H., Hogg, J.C., and van Eeden, S.F. Sequestration and homing of
bone marrow-derived lineage negative progenitor cells in the lung during
pneumococcal pneumonia. Respir Res 9, 25 (2008).

Epperly, M.W., Guo, H., Gretton, J.E., and Greenberger, J.S. Bone marrow
origin of myofibroblasts in irradiation pulmonary fibrosis. Am J Respir Cell
Mol Biol 29(2), 213-224 (2003).

Tolar, J., O’Shaughnessy M, J., Panoskaltsis-Mortari, A., McElmurry, R.T.,
Bell, S., Riddle, M., Mclvor, R.S., Yant, S.R., Kay, M.A., Krause, D.,
Verfaillie, C.M., and Blazar, B.R. Host factors that impact the biodistribu-
tion and persistence of multipotent adult progenitor cells. Blood 107(10),
41824188 (2006).

Viswanathan, A., Painter, R.G,, Lanson, N.A., Jr., and Wang, G. Functional
expression of N-formyl peptide receptors in human bone marrow-derived
mesenchymal stem cells. Stem Cells 25(5), 1263-1269 (2007).

Satoh, K., Kagaya, Y., Nakano, M., Ito, Y., Ohta, J., Tada, H., Karibe, A.,
Minegishi, N., Suzuki, N., Yamamoto, M., Ono, M., Watanabe, J., Shirato, K.,
Ishii, N., Sugamura, K., and Shimokawa, H. Important role of endogenous
erythropoietin system in recruitment of endothelial progenitor cells in
hypoxia-induced pulmonary hypertension in mice. Circulation 113(11),
1442-1450 (2006).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



136.

137.

138.

139.

140.

141.

142.

143.

144.

Current Knowledge of Stem Cell Therapy 39

Son, B.R., Marquez-Curtis, L.A., Kucia, M., Wysoczynski, M., Turner,
A.R., Ratajczak, J., Ratajczak, M.Z., and Janowska-Wieczorek, A.
Migration of bone marrow and cord blood mesenchymal stem cells in vitro
is regulated by stromal-derived factor-1-CXCR4 and hepatocyte growth
factor-c-met axes and involves matrix metalloproteinases. Stem Cells 24(5),
1254-1264 (2006).

Popov, B.V., Serikov, V.B., Petrov, N.S., Izusova, T.V., Gupta, N., and
Matthay, M.A. Lung epithelial cells induce endodermal differentiation in
mouse mesenchymal bone marrow stem cells by paracrine mechanism.
Tissue Eng 13(10), 2441-2450 (2007).

Field-Corbett, C. and O’Dea, S. Soluble signals from mechanically dis-
rupted lung tissue induce lung-related gene expression in bone
marrow-derived cells in vitro. Stem Cells Dev 16(2), 231-242 (2007).

Xu, J., Woods, C.R., Mora, A.L., Joodi, R., Brigham, K.L., Iyer, S., and
Rojas, M. Prevention of endotoxin-induced systemic response by bone mar-
row-derived mesenchymal stem cells in mice. Am J Physiol Lung Cell Mol
Physiol 293(1), L131-L141 (2007).

Ratajczak, J., Miekus, K., Kucia, M., Zhang, J., Reca, R., Dvorak, P., and
Ratajczak, M.Z. Embryonic stem cell-derived microvesicles reprogram
hematopoietic progenitors: evidence for horizontal transfer of mRNA and
protein delivery. Leukemia 20(5), 847-856 (2006).

Aliotta, J.M., Sanchez-Guijo, EM., Dooner, GJ., Johnson, K.W., Dooner,
M.S., Greer, K.A., Greer, D., Pimentel, J., Kolankiewicz, L.M., Puente, N.,
Faradyan, S., Ferland, P., Bearer, E.L., Passero, M.A., Adedi, M., Colvin,
G.A., and Quesenberry, PJ. Alteration of marrow cell gene expression, protein
production, and engraftment into lung by lung-derived microvesicles: a novel
mechanism for phenotype modulation. Stem Cells 25(9), 2245-2256 (2007).
Phillips, R.J., Burdick, M.D., Hong, K., Lutz, M.A., Murray, L.A., Xue,
Y.Y., Belperio, J.A., Keane, M.P,, and Strieter, R.M. Circulating fibrocytes
traffic to the lungs in response to CXCL12 and mediate fibrosis. J Clin
Invest 114(3), 438—446 (2004).

Moore, B.B., Murray, L., Das, A., Wilke, C.A., Herrygers, A.B., and Toews,
G.B. The role of CCL12 in the recruitment of fibrocytes and lung fibrosis.
Am J Respir Cell Mol Biol 35(2), 175-181 (2006).

Moore, B.B., Kolodsick, J.E., Thannickal, V.J., Cooke, K., Moore, T.A.,
Hogaboam, C., Wilke, C.A., and Toews, G.B. CCR2-mediated recruitment

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



40 D. J. Weiss

145.

146.

147.

148.

149.

150.

151.

152.

153.

of fibrocytes to the alveolar space after fibrotic injury. Am J Pathol 166(3),
675-684 (2005).

Ishida, Y., Kimura, A., Kondo, T., Hayashi, T., Ueno, M., Takakura, N.,
Matsushima, K., and Mukaida, N. Essential roles of the CC chemokine lig-
and 3-CC chemokine receptor 5 axis in bleomycin-induced pulmonary
fibrosis through regulation of macrophage and fibrocyte infiltration. Am J
Pathol 170(3), 843-854 (2007).

Vannella, K.M., McMillan, T.R., Charbeneau, R.P., Wilke, C.A., Thomas,
P.E., Toews, GB., Peters-Golden, M., and Moore, B.B. Cysteinyl
leukotrienes are autocrine and paracrine regulators of fibrocyte function.
J Immunol 179(11), 7883-7890 (2007).

Mehrad, B., Burdick, M.D., Zisman, D.A., Keane, M.P., Belperio, J.A., and
Strieter, R.M. Circulating peripheral blood fibrocytes in human fibrotic
interstitial lung disease. Biochem Biophys Res Commun 353(1), 104-108
(2007).

Andersson-Sjoland, A., de Alba, C.G,, Nihlberg, K., Becerril, C., Ramirez,
R., Pardo, A., Westergren-Thorsson, G., and Selman, M. Fibrocytes are a
potential source of lung fibroblasts in idiopathic pulmonary fibrosis. Int J
Biochem Cell Biol 40(10), 2129-2140 (2008).

Schmidt, M., Sun, G, Stacey, M.A., Mori, L., and Mattoli, S. Identification
of circulating fibrocytes as precursors of bronchial myofibroblasts in
asthma. J Immunol 171(1), 380-689 (2003).

Nihlberg, K., Larsen, K., Hultgardh-Nilsson, A., Malmstrom, A., Bjermer,
L., and Westergren-Thorsson, G. Tissue fibrocytes in patients with mild
asthma: a possible link to thickness of reticular basement membrane?
Respir Res 7, 50 (20006).

Larsen, K., Macleod, D., Nihlberg, K., Gurcan, E., Bjermer, L., Marko-
Varga, G., and Westergren-Thorsson, G. Specific haptoglobin expression in
bronchoalveolar lavage during differentiation of circulating fibroblast
progenitor cells in mild asthma. J Proteome Res 5(6), 1479—-1483 (2006).
Wang, C.H., Huang, C.D., Lin, H.C., Lee, K.Y., Lin, S.M., Liu, C.Y,,
Huang, K.H., Ko, Y.S., Chung, K.F., and Kuo, H.P. Increased circulating
fibrocytes in asthma with chronic airflow obstruction. Am J Respir Crit
Care Med 178(6), 583-591 (2008).

Brocker, V., Langer, F., Fellous, T.G., Mengel, M., Brittan, M., Bredt, M.,
Milde, S., Welte, T., Eder, M., Haverich, A., Alison, M.R., Kreipe, H., and

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



154.

155.

156.

157.

158.

159.

160.

161.

162.

Current Knowledge of Stem Cell Therapy 41

Lehmann, U. Fibroblasts of recipient origin contribute to bronchiolitis
obliterans in human lung transplants. Am J Respir Crit Care Med 173(11),
1276-1282 (2006).

Hilbe, W., Dirnhofer, S., Oberwasserlechner, F., Schmid, T., Gunsilius, E.,
Hilbe, G., Woll, E., and Kahler, C.M. CD133 positive endothelial progeni-
tor cells contribute to the tumour vasculature in non-small cell lung cancer.
J Clin Pathol 57(9), 965-969 (2004).

Aghi, M. and Chiocca, E.A. Contribution of bone marrow-derived cells to
blood vessels in ischemic tissues and tumors. Mol Ther 12(6), 994—1005
(2005).

Aghi, M., Cohen, K.S., Klein, R.J., Scadden, D.T., and Chiocca, E.A.
Tumor stromal-derived factor-1 recruits vascular progenitors to mitotic neo-
vasculature, where microenvironment influences their differentiated
phenotypes. Cancer Res 66(18), 9054-9064 (2006).

Oh,H.K.,Ha, JM., O, E., Lee, B.H., Lee, S.K., Shim, B.S., Hong, Y.K., and
Joe, Y.A. Tumor angiogenesis promoted by ex vivo differentiated endothe-
lial progenitor cells is effectively inhibited by an angiogenesis inhibitor,
TK1-2. Cancer Res 67(10), 4851-4859 (2007).

Nolan, D.J., Ciarrocchi, A., Mellick, A.S., Jaggi, J.S., Bambino, K., Gupta, S.,
Heikamp, E., McDevitt, M.R., Scheinberg, D.A., Benezra, R., and Mittal, V.
Bone marrow-derived endothelial progenitor cells are a major determinant
of nascent tumor neovascularization. Genes Dev 21(12), 1546-1558
(2007).

Gao, D., Nolan, D.J., Mellick, A.S., Bambino, K., McDonnell, K., and
Mittal, V. Endothelial progenitor cells control the angiogenic switch in
mouse lung metastasis. Science 319(5860), 195-198 (2008).

Direkze, N.C., Hodivala-Dilke, K., Jeffery, R., Hunt, T., Poulsom, R.,
Oukrif, D., Alison, M.R., and Wright, N.A. Bone marrow contribution to
tumor-associated myofibroblasts and fibroblasts. Cancer Res 64(23),
8492-8495 (2004).

Studeny, M., Marini, F.C., Dembinski, J.L., Zompetta, C., Cabreira-Hansen, M.,
Bekele, B.N., Champlin, R.E., and Andreeff, M. Mesenchymal stem
cells: Potential precursors for tumor stroma and targeted-delivery vehicles
for anticancer agents. J Natl Cancer Inst 96(21), 1593-1603 (2004).
Karnoub, A.E., Dash, A.B., Vo, A.P,, Sullivan, A., Brooks, M.W., Bell, GW.,
Richardson, A.L., Polyak, K., Tubo, R., and Weinberg, R.A. Mesenchymal

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



42 D. J. Weiss

163.

164.

165.

166.

167.

168.

169.

170.

171.

stem cells within tumour stroma promote breast cancer metastasis. Nature
449(7162), 557-563 (2007).

Avital, I., Moreira, A.L., Klimstra, D.S., Leversha, M., Papadopoulos, E.B.,
Brennan, M., and Downey, R.J. Donor-derived human bone marrow cells
contribute to solid organ cancers developing after bone marrow transplan-
tation. Stem Cells 25(11), 2903-2909 (2007).

Djouad, F., Bony, C., Apparailly, F., Louis-Plence, P., Jorgensen, C., and
Noel, D. Earlier onset of syngeneic tumors in the presence of mesenchymal
stem cells. Transplantation 82(8), 1060-1066 (2006).

Houghton, J., Stoicov, C., Nomura, S., Rogers, A.B., Carlson, J., Li, H., Cai, X.,
Fox, J.G,, Goldenring, J.R., and Wang, T.C. Gastric cancer originating from
bone marrow-derived cells. Science 306(5701), 1568-1571 (2004).

Cogle, C.R., Theise, N.D., Fu, D., Ucar, D., Lee, S., Guthrie, S.M.,
Lonergan, J., Rybka, W., Krause, D.S., and Scott, E.W. Bone marrow con-
tributes to epithelial cancers in mice and humans as developmental mimicry.
Stem Cells 25(8), 1881-1887 (2007).

Arap, W. and Pasqualini, R. Engineered embryonic endothelial progenitor
cells as therapeutic Trojan horses. Cancer Cell 5(5), 406—408 (2004).

Wei, J., Blum, S., Unger, M., Jarmy, G., Lamparter, M., Geishauser, A.,
Vlastos, G.A., Chan, G., Fischer, K.D., Rattat, D., Debatin, K.M.,
Hatzopoulos, A.K., and Beltinger, C. Embryonic endothelial progenitor
cells armed with a suicide gene target hypoxic lung metastases after intra-
venous delivery. Cancer Cell 5(5), 477-488 (2004).

Kim, S.M., Lim, J.Y., Park, S.I., Jeong, C.H., Oh, J.H., Jeong, M., Oh, W,
Park, S.H., Sung, Y.C., and Jeun, S.S. Gene therapy using TRAIL-secreting
human umbilical cord blood-derived mesenchymal stem cells against
intracranial glioma. Cancer Res 68(23), 9614-9623 (2008).

Hall, B., Dembinski, J., Sasser, A.K., Studeny, M., Andreeff, M., and
Marini, F. Mesenchymal stem cells in cancer: tumor-associated fibroblasts
and cell-based delivery vehicles. Int J Hematol 86(1), 8—16 (2007).
Stoff-Khalili, M.A., Rivera, A.A., Mathis, J.M., Banerjee, N.S., Moon, A.S.,
Hess, A., Rocconi, R.P., Numnum, T.M., Everts, M., Chow, L.T., Douglas,
J.T., Siegal, GP., Zhu, Z.B., Bender, H.G,, Dall, P., Stoff, A., Pereboeva, L.,
and Curiel, D.T. Mesenchymal stem cells as a vehicle for targeted delivery
of CRAds to lung metastases of breast carcinoma. Breast Cancer Res Treat
105(2), 157-167 (2007).

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Current Knowledge of Stem Cell Therapy 43

Miletic, H., Fischer, Y., Litwak, S., Giroglou, T., Waerzeggers, Y., Winkeler, A.,
Li, H., Himmelreich, U., Lange, C., Stenzel, W., Deckert, M., Neumann, H.,
Jacobs, A.H., and von Laer, D. Bystander killing of malignant glioma by
bone marrow-derived tumor-infiltrating progenitor cells expressing a
suicide gene. Mol Ther 15(7), 1373-1381 (2007).

Xin, H., Kanehira, M., Mizuguchi, H., Hayakawa, T., Kikuchi, T., Nukiwa, T,
and Saijo, Y. Targeted delivery of CX3CL1 to multiple lung tumors by mes-
enchymal stem cells. Stem Cells 25(7), 1618-1626 (2007).

Rachakatla, R.S., Marini, F., Weiss, M.L., Tamura, M., and Troyer, D.
Development of human umbilical cord matrix stem cell-based gene therapy
for experimental lung tumors. Cancer Gene Ther 14(10), 828-835 (2007).
Kanehira, M., Xin, H., Hoshino, K., Maemondo, M., Mizuguchi, H.,
Hayakawa, T., Matsumoto, K., Nakamura, T., Nukiwa, T., and Saijo, Y.
Targeted delivery of NK4 to multiple lung tumors by bone marrow-derived
mesenchymal stem cells. Cancer Gene Ther 14(11), 894-903 (2007).
Hakkarainen, T., Sarkioja, M., Lehenkari, P., Miettinen, S., Ylikomi, T.,
Suuronen, R., Desmond, R.A., Kanerva, A., and Hemminki, A. Human mes-
enchymal stem cells lack tumor tropism but enhance the antitumor activity
of oncolytic adenoviruses in orthotopic lung and breast tumors. Hum Gene
Ther 18(7), 627-641 (2007).

Ortiz, L.A., Gambelli, F., McBride, C., Gaupp, D., Baddoo, M., Kaminski, N.,
and Phinney, D.G. Mesenchymal stem cell engraftment in lung is enhanced
in response to bleomycin exposure and ameliorates its fibrotic effects. Proc
Natl Acad Sci USA 100(14), 8407-8411 (2003).

Ortiz, L.A., Dutreil, M., Fattman, C., Pandey, A.C., Torres, G., Go, K., and
Phinney, D.G. Interleukin 1 receptor antagonist mediates the antiinflamma-
tory and antifibrotic effect of mesenchymal stem cells during lung injury.
Proc Natl Acad Sci USA 104(26), 11002-11007 (2007).

Mei, S.H., McCarter, S.D., Deng, Y., Parker, C.H., Liles, W.C., and Stewart,
D.J. Prevention of LPS-induced acute lung injury in mice by mesenchymal
stem cells overexpressing angiopoietin 1. PLoS Med 4(9), €269 (2007).
Xu, J., Qu, J,, Cao, L., Sai, Y., Chen, C., He, L., and Yu, L. Mesenchymal
stem cell-based angiopoietin-1 gene therapy for acute lung injury induced
by lipopolysaccharide in mice. J Pathol 214(4), 472-481 (2008).

Lee, J.W., Fang, X., Gupta, N., Serikov, V., and Matthay, M.A. Allogeneic
human mesenchymal stem cells for treatment of E. coli endotoxin-induced

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html



44 D. J. Weiss

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

acute lung injury in the ex vivo perfused human lung. Proc Natl Acad Sci
USA 106(26), 16357-16362 (2009).

Baber, S.R., Deng, W., Master, R.G., Bunnell, B.A., Taylor, B.K., Murthy,
S.N., Hyman, A.L., and Kadowitz, P.J. Intratracheal mesenchymal stem cell
administration attenuates monocrotaline-induced pulmonary hypertension
and endothelial dysfunction. Am J Physiol Heart Circ Physiol 292(2),
H1120-H1128 (2007).

Shigemura, N., Okumura, M., Mizuno, S., Imanishi, Y., Matsuyama, A.,
Shiono, H., Nakamura, T., and Sawa, Y. Lung tissue engineering technique
with adipose stromal cells improves surgical outcome for pulmonary
emphysema. Am J Respir Crit Care Med 174(11), 1199-1205 (2006).
Dominici, M., Le Blanc, K., Mueller, 1., Slaper-Cortenbach, 1., Marini, F,,
Krause, D., Deans, R., Keating, A., Prockop, D., and Horwitz, E. Minimal
criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy
8(4), 315-317 (2006).

Lee, R.H., Hsu, S.C., Munoz, J., Jung, J.S., Lee, N.R., Pochampally, R., and
Prockop, D.J. A subset of human rapidly self-renewing marrow stromal
cells preferentially engraft in mice. Blood 107(5), 2153-2161 (2006).
Crigler, L., Robey, R.C., Asawachaicharn, A., Gaupp, D., and Phinney, D.G.
Human mesenchymal stem cell subpopulations express a variety of
neuro-regulatory molecules and promote neuronal cell survival and neurito-
genesis. Exp Neurol 198(1), 54—64 (2006).

Phinney, D.G. Biochemical heterogeneity of mesenchymal stem cell popula-
tions: clues to their therapeutic efficacy. Cell Cycle 6(23), 2884-2889 (2007).
Lee, O.K., Kuo, T.K., Chen, W.M., Lee, K.D., Hsieh, S.L., and Chen, T.H.
Isolation of multipotent mesenchymal stem cells from umbilical cord blood.
Blood 103(5), 1669-1675 (2004).

Lee, M.W., Choi, J., Yang, M.S., Moon, Y.J., Park, J.S., Kim, H.C., and
Kim, Y.J. Mesenchymal stem cells from cryopreserved human umbilical
cord blood. Biochem Biophys Res Commun 320(1), 273-278 (2004).
Bieback, K., Kern, S., Kluter, H., and Eichler, H. Critical parameters for the
isolation of mesenchymal stem cells from umbilical cord blood. Stem Cells
22(4), 625-634 (2004).

Wang, H.S., Hung, S.C., Peng, S.T., Huang, C.C., Wei, H.M., Guo, Y.J,,
Fu, Y.S., Lai, M.C., and Chen, C.C. Mesenchymal stem cells in the

CELL THERAPY FOR LUNG DISEASE
© Imperial College Press
http://www.worldscibooks.com/medsci/p662.html


























